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Geographic Information Systems in Water Resources  
Spatial Analysis Exercise 

CUAHSI Virtual University, 2019 
David Tarboton 

Goal 

The goal of this exercise is to serve as an introduction to Spatial Analysis with ArcGIS. 

Objectives 

• Use ArcGIS.com services to access and extract elevation data 
• Interpolate data values at points to create a spatial field to use in hydrologic calculations.  Use 

this to calculate watershed area average precipitation 
• Use raster data and raster calculator functionality to calculate watershed attributes such as 

mean elevation, mean annual precipitation and runoff ratio.   
 

Computer and Data Requirements 

To carry out this exercise, you need to have a computer, which runs ArcGIS Pro.  The necessary data are 
provided in the accompanying zip file, SpatialAnalysisData.zip.   

Overview 

The purpose of this part of the exercise is to calculate average watershed elevation for subwatersheds 
of the Little Bear-Logan subbasin, and to calculate average precipitation over each of these 
subwatersheds using different interpolation methods.  Average precipitation is then converted to a 
volume of precipitation and compared to runoff volumes using a runoff ratio.  This provides an insight 
into the annual water balance of these watersheds, namely what fraction of precipitation is streamflow 
and what fraction is lost to evapotranspiration and other losses such as infiltration and groundwater 
recharge. 

Data 

The following data is provided in the SpatialAnalysisData.zip file:  

BasemapExercise.gdb file Geodatabase from BasemapExercise. 
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LittleBearLoganAnnPrecip.csv.  Sites in and around Little Bear Logan Watershed where precipitation has 
been measured and data is available in the Global Historical Climatology Network (GHCN).  T 

AssembleGHCNData.R, monthprecip.csv, monthdaycount.csv.  R script and intermediate files used in 
preparing the data as described in Appendix.  You only need to use these if you want to apply or adapt 
this approach to another area or look into the data more deeply. 

1.  Loading the Data 
Open ArcGIS Pro and create a new Map project, SpatialAnalysisExercise  

 

Copy the file SpatialAnalysisData.zip into the project folder created and unzip it. 

Click Connections in the Insert tab and select Add Database to add the BasemapExercise.gdb to the 
project.  This is another way to associate a Geodatabase with a project.   
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In the Catalog pane Expand BasemapExercise.gdb to see 

 

Right click on the LittleBearLogan feature dataset and “Add To Current Map”. 

 

  

You should obtain a map with all these features added.  Note I changed the symbology a bit. 
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If you right-click on one these feature classes in the map legend, select Properties and Source and scroll 
down until you see Spatial Reference at the bottom of the layer properties, you’ll see that they have the 
NAD 1983 UTM Zone 12N coordinate system.  You should also see that the Linear Unit is meters.   
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If you move the cursor around on the map, you may see that the coordinates at the bottom are in also 
in meters.  When the data was added to the Map, its properties switched to that of the data being 
added.   

Go to https://livingatlas.arcgis.com/ and search for 'elevation'.  You should see that one of the first 
entries is 'Ground Surface Elevation 30 m' and if you read about this you see that this is 30m raster data 
extracted from the USGS's National Elevation Dataset.  We will use this DEM in this exercise, but loading 
it directly from ArcPro. 

Select Add Data to the Map 

 

 

And among the options presented, select Living Atlas.  In the Search Portal: Living Atlas type in 
elevation and among the options presented, select Ground Surface Elevation 30 m, the DEM identified 
in the web search. 

 

Click OK.  You should see a gray “Ground Surface Elevation – 30 m” layer appear on the map. 

 

https://livingatlas.arcgis.com/
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This data could also have been downloaded from the National Map viewer, 
http://viewer.nationalmap.gov/viewer/, although the process is a bit more tedious.  Here we are saving 
time taking advantage of the Living Atlas data services. 

Your map should look similar to the following: 

 

Save your Project document if you have not already. 

Let's export data from this DEM to have a local copy to work with.  First we need to define the area that 
we want to work with.  Let's pick an area that has a 2000 m buffer around the basin.  

In the Geoprocessing Panel, use the search box to search on "buffer" and select the Buffer (Analysis) 
tool.  

http://viewer.nationalmap.gov/viewer/
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Set the inputs as follows and Run the tool. 

 

Note that I saved the result in the BasemapExercise.gdb LittleBearLogan feature dataset. 

The result should be a polygon that is 2000 m larger around the edge of the basin.  If necessary, use the 
Symbology tool to change the Buffer symbology to an Outline and then you can see the other feature 
classes underneath it. 



8 
 

 

Use the search box to search on "clip" and select the Clip Raster (Data Management) tool.  This tool was 
chosen because one of its allowable inputs is an image service.   
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Set the inputs as follows (setting the output to go into SpatialAnalysisExercise.gdb) and Run the tool. 

 

 

You should have a raster layer added to your ArcMap with a local subset from the DEM, that has the 
extent of WatershedBuffer and is easier to symbolize.  Turn off the Ground Surface Elevation layers to 
see this display. 
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Note the skew appearance of the DEM lbldem just extracted.  If you examine the Layer Properties for 
Source ->Raster Information for this you will see that it has a cell size of 30.92 m and in Spatial 
Reference North America Albers Equal Area Conic coordinate system.  This is the resolution and 
coordinate system of the data as obtained from the ArcGIS elevation image service.  This coordinate 
system is appropriate for display for all of North America and is skewed at the longitude of our area. 

Let’s add precipitation gages. 

Select Add data and add LittleBearLoganAnnPrecip.csv. 

Use Display XY Data on the table added to open the XY Table to Point tool and save the output feature 
class as PrecipGages in the LittleBearLogan feature dataset. 
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This should add precipitation gages to the map.  Symbolize them as you like. 
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2.  Projecting the DEM  
It is desirable to work with data in consistent coordinate systems.  Let's project this DEM into the same 
projection as the LittleBearLogan Feature dataset (as we noted above the DEM from the web service 
was in a different coordinate system).  Open the Toolboxes and open the tool Data Management Tools 
 Projections and Transformations  Raster  Project Raster.  If you find this tool hard to locate,  

 

you can also search for it: 

 

Set the inputs as follows to produce a projected raster lbldemproj in SpatialAnalysisExercise.gdb 
geodatabase with 30m cells and the NAD 1983 UTM Zone 12 coordinate system used for the basemap.  
Note that the NAD 1983 UTM Zone 12 coordinate system is most easily set by clicking next to Output 
Coordinate System and selecting from existing Layers on the map. 
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The result should appear similar to:  

 

 

The spatial information about lbldemproj can be found by right clicking on the ProjDEM layer, then 
clicking on Properties  Source  Raster Information, and Statistics 
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To turn in:  The number of columns and rows in the projected DEM.  The cell size of the projected DEM.  
The minimum and maximum elevations in the projected DEM.    

 

3.  Exploring the DEM 
Change the symbology of the lbldemproj layer.  

 

 

To explore the highest elevation areas in your DEM select Spatial Analyst Tools  Map Algebra  
Raster Calculator.   



15 
 

 

Double click on the lbldemproj layer with the DEM for this area. Click on the greater than “>” symbol 
and select a number less than the maximum elevation. This arithmetic raster operation will select all 
cells with values above the defined threshold. In the example below a threshold of 3000 m was used.  

 

A new layer appears on your map. The majority of the map (brown color in the figure below) has a 0 
value representing false (values below the threshold), and the purple region has a value of 1 
representing true (elevations higher than 3000 meters).  If necessary, change the symbology of the 
resulting map display so that you can see high elevation areas more clearly and zoom in on them. 
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Use the raster calculator again (with elevation 3030 meter threshold) and the explore tool to identify 
the grid cell of maximum elevation in lbldemproj.  Take a screen shot similar to the below and indicate 
the grid cell with the highest elevation  

 

Note that the above label was placed on the screen shot using a word processor.  This is a bit easier than 
fiddling with labels in ArcGIS. 

To turn in:  A screen shot showing the location of the highest elevation value in the Little Bear Logan 
DEM.   

 

4.  Contours and Hillshade 
Contours are a useful way to visualize topography.  Select Spatial Analyst Tools  Surface  Contour.  
Select the inputs as follows, with a 10m contour interval: 

Highest point in area 

Elevation XXX m 
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A layer is generated with the topographic contours for Little Bear Logan area. Notice the big difference 
in Terrain Relief in Cache valley to the west and Bear River Range to the east. 
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Another option to provide a nice visualization of topography is Hillshading. 

Select Spatial Analyst Tools   Surface  Hillshade and set the factor Z to a higher value to get a 
dramatic effect and leave the other parameters at their defaults (the following hillshade is produced 
with a Z factor of 10). Click OK. You should see an illuminated hillshaded view of the topography. 
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To turn in:  A layout with a depiction of topography either with elevation, contour or hillshade in nice 
colors. Include the streams from NHDPlus and watershed and sub-watersheds from the 
BasemapExercise.gdb LittleBearLogan feature dataset.   

 

5.  Zonal Average Calculations 
In hydrology it is often necessary to obtain average properties over watersheds or subwatersheds.  The 
Zonal functions in Spatial Analyst are useful for this purpose.  Let’s do this at the HUC10 watershed 
scale. 

Locate the Dissolve Geoprocessing tool and set the inputs as follows 

 

The resulting feature class has 4 features 
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Select Spatial Analyst Tools  Zonal  Zonal Statistics as Table. Set the inputs as follows: 
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Click OK.  A table with zonal statistics is evaluated and added to the map (at the bottom of the map 
display). Right-click to open the table.  

 

This contains statistics of the value raster, in this case elevation from lbldemproj over the zones defined 
by the polygon feature class huc10watersheds.  The HUC10 field in this zone table may be used to join 
these values with attributes of the huc10watersheds feature class.   
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Right click on huc10watersheds and select Joins and Relates  Add Join.    

 

 

Select HUC10 as the field in this layer (huc10watersheds) that the join will be based on, zoneelev as the 
table to join to this layer, and HUC10 again as the field in the table to base the join on. 

 

Note the warning, which states: “The join field HUC10 in the join table huc10watersheds is not indexed. 
To improve performance, we recommend that an index be created for the join field in the join table.”  

This warning can be ignored for this particular dataset because this table is sufficiently small, so the 
presence of indices to speed up the data queries does not make any noticeable difference.   
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Open the huc10watersheds attribute table and scroll across. You’ll see the statistics have been added to 
the attributes that this feature class already held.   

 

In the Geoprocessing panel, select Table to Excel and specify Subwatershed as the input Table, and 
SubwatershedStats as output Excel file.  

 

 

If you open up the resulting huc10stats Excel file you’ll see the descriptive statistics there for these 
huc10 watersheds. 

Determine the mean elevation and elevation range of each huc10 watersheds in the Little Bear Logan 
subbasin. 

To turn in:  A table giving the HUC10, mean elevation, and elevation range for each watershed in the 
huc10 watersheds feature class.  Which watershed has the highest mean elevation?  Which watershed 
has the largest elevation range?   

 

6.  Calculation of Area Average Precipitation using Thiessen Polygons 
Now to do something really useful.  We will calculate the area average mean annual precipitation over 
the watershed using Thiessen polygons.  Thiessen polygons associate each point in a watershed with the 
nearest raingage.  Let’s do this for watersheds draining to each stream gage. 

In the geoprocessing panel locate the Watershed tool in Ready to Use Tools under Portal 
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Set input points as Gages and Data Source Resolution FINEST. 

 

Click Run.  Three watersheds should be delineated. 
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It may be that you are not able to do this due to this function using ESRI cloud credits that may not have 
been assigned to your account.  You may need to work with your university instructor and ESRI site 
license manager to get this capability for your ESRI account.   

Alternatively, you may do this for the HUC10 watersheds, instead of delineated watersheds. 

Right Click on OutputWatershed from the Watershed delineation and select Data -> Export Features to 
open the Feature Class to Feature Class tool.  Name the result gagewatersheds and put it in the 
LittleBearLogan feature dataset. 
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Turn on the PrecipGages layer in the map display and open their attribute table. You’ll see an AnnPrecip 
attribute which is the mean annual precipitation at each gage in mm. 

 

Select the tool Analysis Tools  Proximity  Create Thiessen Polygons  

   

Specify PrecipGages as the Input Features.  Save the output feature class in the LittleBearLogan feature 
dataset and indicate that ALL fields should be output.  By saving to the LittleBearLogan feature dataset 
you ensure that the Thiessen polygon feature class inherits the spatial reference information from this 
feature dataset, keeping all your work in a consistent spatial reference.  Click OK.  It's really important 
that you select “All” here to carry the attributes of the Precipitation stations to the polygons associated 
with them. 
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Switch to Environments and for Extent select Watershed 

 

This is important to avoid the polygons not completely covering the watersheds being used. 

The result is a Thiessen polygon feature class.  This tessellates the landscape into regions that are closer 
to a particular gage than to any other. 
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Here is what your attribute table should look like for thiessen polygons.  If it doesn’t have all these 
attributes at the right hand end, delete the result you just computed and do it over with the ALL option 
selected to make sure you transfer all the attributes from the gages to the polygons. 

 

If you rearrange the map display you can get a map looking something like the below.  What we’re going 
to do is to find the area of each thiessen polygon that overlays each gagewatershed.  This is done using 
the Intersect function, one of the most powerful functions of spatial analysis. 
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To average precipitation values in these polygons over the subwatersheds we need to intersect the 
thiessen polygons with the gage watersheds and compute area weighted averages for each 
subwatershed.  The following calculations achieve this. 

Use the search window to locate the Intersect (Analysis) tool and set the inputs as follows 
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Following is the result, the thiessen_ws_intersect polygons symbolized with SiteCode as the Unique 
Value field – this is the identifying code of the rain gage in the Global Historical Climate Network 
(GHCN). 

 

If you open the ThiessenSubIntersect attributed table you will see that from the 3 subwatersheds there 
are now 14 polygons, each contributing to part of a subwatershed and associated with a single rain 
gage.  Let Pk denote the precipitation associated with each rain gage and Aik the area of intersected 
polygon associated with rain gage k and subwatershed i.  Then the area weighted precipitation 
associated with each subwatershed is 

 

𝑃𝑃𝑖𝑖 =
∑ 𝐴𝐴𝑖𝑖𝑖𝑖𝑃𝑃𝑘𝑘𝑘𝑘
∑ 𝐴𝐴𝑖𝑖𝑖𝑖𝑘𝑘

 

 

Open the attribute table for the intersected thiessen polygons and add a new field to the table, APProd.  
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Double-click on the greyed-out “Data Type” column, where it says Long, and change the Data Type of 
APProd to Float. If you don’t change this data type, your calculations will fail on a datatype mismatch 
error.  

 

Make sure to save your changes using the save button in the Fields tab at the top of the screen.  

 

Go back to the thiessen_sub_intersect polygon attribute table and right-click on the header of APProd, 
selecting “Calculate Field”.  
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Create the expression !annprecip! * !Shape_Area! and click Run. 

 

The result is a new field with the numerator terms for the equation above.  Now locate the column Pour 
Point ID.  These are unique identifiers for each gage watersheds (1, 2, 3 assigned during their creation).  
Right click on the header and select Summarize 
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Carefully select the summary statistics you need.  I selected the following: Pout Point ID - First, 
Shape_Area - Sum, APProd – Sum, and the Pout Point ID Case field.  Click Run. 

 

Navigate to your output table, and you’ll see that the resulting table gives the numerator and 
denominator in the equation above for each subwatershed.  
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Add a New field GageW_Precip_mm to this table, again as a Float, and Save the result. 

 

Go back to the thiessen_stats table and use Calculate Field to evaluate this as !Sum_APProd! / 
!Sum_Shape_Area!.  Right click on the top of the field to open Calculate Field. 
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The result is the precipitation in mm for each subwatershed.  This is pretty cool!  And you can see how 
the tools in ArcGIS can give you a spatially area-weighted result that would be more tedious to derive 
otherwise. 

To turn in:  A table giving the Pour Point Identifier, Name, and mean precipitation by the Thiessen 
method for each gage watershed.  Determine the watershed names from their associated stream gages 
Which subwatershed has the highest mean precipitation?   

 

7.  Estimate basin average mean annual precipitation using Spatial Interpolation/Surface 
fitting  
Thiessen polygons were effectively a way of defining a field based on discrete data, by associating with 
each point the precipitation at the nearest gage.  This is probably the simplest and least sophisticated 
form of spatial interpolation.  It also does not account for elevation adjustments.  ArcGIS provides other 
spatial interpolation capabilities in both the Spatial Analyst and Geostatistical Analyst Toolboxes.  
Following are the interpolation tools in each.  

 

 

 

 

We will not, in this exercise, concern ourselves too much with the theory behind each of these methods.  
You should however be aware that there is a lot of statistical theory on the subject of interpolation, 
which is an active area of research.  This theory should be considered before practical use of these 
methods.   

In preparing this exercise I experimented with Empirical Bayesian Kriging which is reported to be one of 
the most advanced of these.  I found that it took a very long time to complete, however you are 



36 
 

welcome to try it with the following inputs.  Use the input points from "PrecipStn" and Z value field as 
"AnnPrecip_in".  Set the output cell size to 100 m to improve the spatial resolution. 

 

Also set extent to watershed to make sure the result covers the area you want. 

Following is the result from Empirical Bayesian Kriging 
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Following are inputs for tension Spline interpolation (Spatial Analyst tools).  Use the input points from 
PrecipGages and Z value field as annprecip, and set the spline type as Tension with parameters as 
follows.  I reduced the output cell size to 100 m to improve the spatial resolution. The result follows: 

 

This runs a lot faster and the result is smoother than Empirical Bayes Kriging. 

 

 



38 
 

Now, let’s use Zonal Statistics to compute the average value of the spline precipitation map over each 
subwatershed. Select Spatial Analyst Tools  Zonal  Zonal Statistics as Table.  Set the inputs as 
follows: 

 

Click Run.  A table with zonal statistics is created.  This contains statistics of the value raster, in this case 
mean annual precipitation from Spline over the zones defined by the polygon feature class 
ggewatersheds.   

 

The PourPtID in this table may be used to join it to the attribute table for the gagewatershed feature 
class.  As for the elevations above this joined statistics table can be exported to Excel for formatting to 
prepare your turn in results. 

To turn in:  A table giving the Pour Pt ID, Name, and mean precipitation by the Tension Spline method for 
each gage watershed.  Which subwatershed has the highest mean precipitation using a Tension Spline 
interpolation? 

We will stop here.  There are other things that would be interesting to do.  I am going to list them for 
you to explore, but not make as part of the exercise as this is long already. 



39 
 

1. Use zonal statistics to determine the elevation of each rain gage.  Cross check this against 
elevation from GHCN. 

2. Develop a relationship between elevation and annual precipitation.  We know that precipitation 
in this area is orographic, so a relationship is expected. 

3. Use the elevation – precipitation relationship to calculate a grid of precipitation estimated from 
elevation and average this over watersheds.  Compare this to the area average watershed 
computed from spline interpolation or thiessen polygons that operate in the horizontal plane. 

4. Examine annual steamflow at the stream gages that define watershed outlets.  Convert this to 
depth (volume / area) and compare to precipitation depth.  Streamflow depth/Precipitation 
depth is runoff ratio, and tells us the fraction of precipitation that manifests as streamflow. 

Summary of Items to be Turned in: 
 

1. The number of columns and rows in the projected DEM.  The cell size of the projected DEM.  The 
minimum and maximum elevations in the projected DEM.    
 

2. A screen shot showing the location of the highest elevation value in the Little Bear Logan DEM.   
 

3. A layout with a depiction of topography either with elevation, contour or hillshade in nice colors. 
Include the streams from NHDPlus and watershed and sub-watersheds from the 
BasemapExercise.gdb LittleBearLogan feature dataset.  

 
4. A table giving the HUC10, mean elevation, and elevation range for each watershed in the huc10 

watersheds feature class.  Which watershed has the highest mean elevation?  Which watershed has 
the largest elevation range?    

 
5. A table giving the Pour Point Identifier, Name, and mean precipitation by the Thiessen method for 

each gage watershed.  Determine the watershed names from their associated stream gages Which 
subwatershed has the highest mean precipitation?   

 
6. A table giving the Pour Pt ID, Name, and mean precipitation by the Tension Spline method for each 

gage watershed.  Which subwatershed has the highest mean precipitation using a Tension Spline 
interpolation? 

 

Appendix. 
This appendix describes the use of CUAHSI data services (http://data.cuahsi.org/) and the CUAHSI 
WaterML R package (https://www.cuahsi.org/data-models/discovery-and-analysis/) to assemble the 
data for this exercise.  However there were some difficulties with the WaterML package for the GHCN 
service so I used the RNOAA package to actually get the data.  The work done in preparing 
LittleBearLoganAnnPrecip.csv is detailed in AssembleGHCNData.R.   

The steps followed were 

1. Install necessary R packages.   
2. Get list of CUAHSI data services using GetServices().  

http://data.cuahsi.org/
https://www.cuahsi.org/data-models/discovery-and-analysis/
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3. Identify which service is for the Global Historical Climatology Network.  This has server 
http://hydroportal.cuahsi.org/ghcn/cuahsi_1_1.asmx?WSDL  

4. Get list of sites from this server GetSites(server) 
5. Output sites to a CSV file, import to ArcGIS to see where they are located. 
6. Use a spatial query to select sites inside and within 20 km of Little Bear River subbasin 

boundary. 
7. Read these local sites into R 
8. Use GetSiteInfo() for each of these sites to identify the period of record of precipitation data. 
9. Select only sites with more than 10 years of data 
10. Use a NOAA data service ncdc() from RNOAA R package to download the data. 
11. Use R to compute annual average precipitation for sites with sufficient data and write the 

results. 

http://hydroportal.cuahsi.org/ghcn/cuahsi_1_1.asmx?WSDL
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